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Abstract

We prove the finite convergence of the sequences generated by some extragradient-type
methods solving variational inequalities under the weakly sharp condition of the solution set.
In addition, we provide estimations for the number of iterations to guarantee the sequence
converges to a point in the solution set and prove that these estimations are optimal. Numerical
examples are presented to illustrate the theoretical results.
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1 Introduction

The variational inequality (VI) problem has been studied by many researchers because of its
wide applications in optimization problems, complementary problems, fixed point problems
and many more (Facchinei and Pang 2003). To solve a VI, numerous algorithms have been
suggested, especially projection-type algorithms like projection, extragradient-type algo-
rithms and its variants.
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Let us briefly recall some fundamental methods for solving (pseudo)-monotone varia-
tional inequality problems which will be (re)-considered in this paper. One of the most
well-known algorithms is the extragradient method (Korpelevich 1976) and its variant algo-
rithms proposed by Censor et al. (2011a, 2011b, 2012). The extragradient was proposed by
Korpelevich for solving monotone variational inequalities and saddle point problem in finite
dimensional spaces (Korpelevich 1976) and then extended to infinite dimensional Hilbert
spaces in Khanh (2016) for solving monotone VIs and in Vuong (2018) for solving pseudo-
monotone VIs. One of its important variants is the subgradient extragradient considered by
Censor et al. (2012), which reduced the number of projections onto the feasible set. The
Forward-Backward-Forward (FBF) method was proposed originally by Tseng (2000) for
solving monotone inclusions, a more general model than VIs. The applicability of FBF
method for solving pseudo-monotone VIs was studied recently in Bot et al. (2020). Last, we
take the Popov’s method (see Popov (1980)) and its modified version proposed by Malitsky
and Semenov (2014) into account due to merits within every single iterations. One of them
is that we just need compute one value of operator instead of two as in extragradient-type
method.

To gain deeper insight for VIs, many researchers considered the weak sharp condition of
solution set of VIs. Weak sharp solutions and its geometry condition were firstly introduced
by Burke and Ferris for mathematical programming solving an optimization problem (Burke
and Ferris 1993). Later, Marcotte and Zhu (1998) modified this geometry condition and
introduced weak sharp solutions for VIs, simultaneously presented the finite convergence of
algorithms for solving VIs. They also proved the equivalence between the weak sharpness of
solution set with the dual gap function. Liu and Wu (20164, b) further studied the weak sharp
of solution set of VIs with respect to primal gap function. Recently, Al-Homidan et al. (2016)
used weak sharp solutions for the VIs without considering the primal or dual gap function to
studied the finite termination property of sequences generated by iterative methods, such as
the proximal point method, inexact proximal point method and gradient projection method.
These results were also extended to non-smooth VIs as well as VIs on Hadamard manifolds
and equilibrium problems (Al-Homidan et al. 2017; Kolobov et al. 2022, 2021; Nguyen et al.
2020, 2021).

In this paper, we discuss the finite convergence of projection-type methods for solving VIs
problem such as extragradient method, Forward-Backward-Forward method, Popov method
and their variants. For each method, we also provide an estimation for the number of iter-
ations to guarantee the sequence converges to a solution of the VI problem. Moreover, we
prove that this estimations is tight. The rest of this article is organized as follows. Section 2
introduces some preliminaries. Section 3 presents the finite convergence of the extragradient
method to a weakly sharp solution set. Section 4 contains the finite convergence results of
the Forward-Backward-Forward and the subgradient-extragradient methods. The finite con-
vergence results of Popov’s method and its variants are established in Sect. 5. Finally, we
provide numerical examples in the last Section.

2 Preliminaries
Let H be real Hilbert space with the inner product (-, -) and a generated norm || - ||. Let C be
a nonempty closed convex subset of H and let F' be a mapping from H to H. We consider

the variational inequality problem, denoted by VI (C, F), which is to find x* € C such that

<F(x*),x—x*>20 Vx e C. (1)

@ Springer f bMA



Finite convergence of extragradient-type methods. . . Page3of19 400

We denote the solution set of VI (C, F) is C*. In this article, we assume that the C* is
nonempty and we will recall some definitions about Lipschitz continuity and monotonicity
of F (Karamardian and Schaible 1990) as follows

e FisLipschitz continuous on H if there exists L > Osuchthat || F(x)—F(y)|| < L|lx—y]||
forallx,y € H;

e F is pseudo-monotone on C if there is any x, y € C such that (F(y),x —y) > 0 then
(F(x),x —y) = 0;

e [ is monotone on C if for any x, y € C we have (F(x) — F(y),x —y) > 0. Obviously,
if F is monotone on C, then F is pseudo-monotone on C.

The metric projection of element x in real Hilbert space H on closed convex subset C,
denoted by Pc(x), is a unique element of C such that ||x — Pc(x)|| < ||lx — y| for all
y € C. We also denote dist(x, C) = ||x — Pc(x)||. The metric projection has three important
properties as follows (Goebel and Reich 1984).

Theorem 2.1 Forany x,z € H and y € C we have

(@) ||Pc(x) — Pc(2)|l < |lx — z|| (nonexpansivity of Pc(.));
(b) (x — Pc(x),y — Pc(x)) <0
© [I1Pc(x) = yI* < lx = yII* = lIx — Pc(0)|*.

We recall the definition of weak sharp solution with respect to geometry condition and
equivalent conditions as in Marcotte and Zhu (1998). Firstly, we denote by B the unit ball in
H . For a given set X in H, we denote by intX the interior of X and by clX the closure of X.
The polar X? is defined by

X°:={yeH, (y,x) <0 forall x € X}.
Let C be a nonempty, closed, convex subset of H. The tangent cone to C at a pointx € C is
defined by
X —x

Te(x) :=cl U .

y>0

The normal cone to x € C is defined by
Nc(x):={ue H:(u,y—x)<O0foralyeC}.
The solution set C* of VI(C, F) is weakly sharp if we have, for any x* € C*,

— F(x*) € int < () [Tc(x) N Ne= (x)]0> . )

xeC*

From (2) we have that if C* is weakly sharp, then there exists a constant @ > 0 such that
aB C F(x™) + [Tc(x™) N Nex(x*)]?, forall x* € C*. 3)

It is equivalent to say that (see (Marcotte and Zhu 1998, Theorem 4.1)) for each x* € C*,
(F(x*),v) > allv|l, forallve Te(x) N Nex(x). 4)

We will need the following important theorem (see (Al-Homidan et al. 2016, Theorem 2))
in the proof of finite convergence.
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Theorem 2.2 Let C be a nonempty, closed, convex subset of Hilbert space H and F : C — H
be a mapping. Assume that the solution C* of VI(C, F) is nonempty, closed and convex.

(@) If C* is weakly sharp and F is monotone, then there exists a positive constant o > 0
such that

(F(x), x — Pcx(x)) > adist(x, C*), forall x € C. 5)

(b) If F is constant on C* and continuous on C and (5) holds for some a > 0, then C* is
weakly sharp.

In the rest of the paper, we will prove the finite convergence of sequences generated by three
fundamental algorithms: The (Subgradient) Extragradient, the Forward-Backward-Forward
and the Popov Algorithms under the monotonicity of F and weak sharp condition of the
solution set C* of VI(C, F).

3 Extragradient method

In this part, we consider the extragradient algorithm as follows (Korpelevich 1976)
A>0,x0€C,
Yn = Pc(xn — AF (xp)),
Xn+1 = Pc(xn — AF (yn)).

Firstly, we recall the important inequality relating the distances from the points generated by
the extragradient algorithm to the point x* of the solution set C*. The proof presented here
is shorter than the one in Khanh (2016).

Lemma3.1 Let F : C — H be pseudo-monotone and Lipschitz continuous with constant L
and x* be a point in solution set C*. Let {x,, } and {y, } be sequences generated by extragradient
algorithm. Then the following inequality holds

a4 = x*[1% < llxw = x*12 = (4 = ALY (X1 = Yull® + 50 = yull®). (6)
Proof Since x* € C* C C, x,4+1 = Pc(x;, — AF(y,), we have from Theorem 2.1 (c) that
IXns1 = x| < o = AF () = x* |17 = [1Xn — AF (yn) — Xn1 I
= llxn = x* 1% = %0 — Xn1 7 = 20(F (), X1 — x*)
= I = x*12 = llxtw = 3+ Y = Xnt1 12 = 2(F (). yn — x)
— 20{F (¥n), Xnt1 — Yn)
= [lxn = x* 1% = %0 = ¥ull* = 1501 — Yull* = 200 — Ynu Yn — Xns1)
— 2)0{F (yn), yn — X™)
+ 20{F (Xn) = F(yn)s Xng1 = Yn) — 220F (Xn), Xn1 — V). M

We have from x* € C*, y, € C and (1) that (F(x*),y, — x*) > 0. Due to pseudo-
monotonicity of F, we can infer that

(F(Yn)s Yn — X*> > 0. ()
Using Theorem 2.1 (b), since y, = Pc(x, — AF (y,)), we obtain

(xn — )\F(Xn) — Yn> Xn4+1 — yn> = 0.
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This is equivalent to
_2)L<F(xn)» Xn+1 _yn> =< 2()6,, — Yns Yn _xn+l>~ (C)
Since F' is Lipschitz continuous on H with constant L, we have

2MF (xp) — Fn)s Xpt1 — Yn) < 2AMIF () — Fu) I xn41 — yall
< 2AL|xp — yulllXn+1 — Yull- (10)

Combining (8), (9), (10) with (7), we get
21 =X 12 < 1120 =212 = 160 = ¥ I3 = %1 — Y I 220 L 1% = Y 1% 1 = Yall. (11)

By using the Cauchy-Schwarz inequality 2|1, =y ||| X1 =Yall < 160 =yl + 41— all>
in right hand side of above inequality, we obtain

21 — 1% < g — x* 12 = (1 = ALY (X1 — Yall* + Ixn — yull®).

m}

Under the weak sharp condition of solution set C*, we will show the finite convergence
of the sequence {x,} generated by extragradient algorithm.

Theorem 3.1 Let F : C — H be monotone, Lipschitz continuous with constant L and
assume that the solution set C* be weakly sharp with modulus o > 0. Let {x,} be the
sequence generated by extragradient algorithm with 0 < . < 1/L. Then, {x,} converges
strongly to a point in C* in atmost (k + 1) iterations with

6dist (xg, C*)?
- ist (xp, C*) . (12)
a?)2(1 — AL)
Moreover, the estimation in (12) is tight.
Proof Since
Xpt1 = Pc(xy — AF(yn)) = Pc(xy — AF (xp41) + A(F (xp41) — F(yn))),
forall u € C, we have

(xn — AF (xpn4+1) + A(F (xXp41) — F(yn)) — X1, u — Xp41) < 0.

Then, we get

(F(Xpg1), Xpr1 —u) < —{(xp — Xng1, Xpp1 — u) + (F(ug1) — Fn), X1 — u)

A
> = > =

X0 = Xng1Hlxng1 — wll + 1F K1) = Fu) Hlxng1 — uell-
(13)

On the other hand, from Theorem 3.1, let x* be a point of solution set C*, we have

It — X1 < Nl — x* 12 = (1= AL) %0 — yull*> — (1 = L) 1Xp1 — Yall?

< |lx, — x*||> forall n.

This implies that {|lx, — x*||} is non-increasing sequence , therefore lim,_, ~ [|x, — x|
exists. Moreover, we also have

2w — X1 = [1xne1 — x> = (1 = ALY (1% — yull> + 1Xns1 — yall?), foralln. (14)
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Noticing that 1 — AL > 0, we infer

2 2
2 = X117 = llxng1 — x|

1

— AL 2(1 = AL)
— 1 = ¥ull* + (%0 = Yull* + X1 — ¥ull*)

- 3 3
1—AL , 1—2L )
> — Wt = 3l + = (= yall + a1 = yal)
1—AL
> — (s = Yull? + X1 — 20117 (15)

Letting n — oo and taking the limits in the both sides of (15), we deduce that

limy 00 [[Xp41 — yull = 0 and limy, o0 || Xp 41 — x|l = 0.
For 0 < N € N, we have from (15) that

1—AL Y 2 2 Y *12 *12
T 2 = il o i = l?) = (i = 212 = i = 271%)
i=0 i=0

2 2
= [lxo — x*17 = llay41 — x|

< llxo —x*|1%.
Since above inequality holds with any x* € C*, we obtain

1—-AL
3

N
D xigr = yill® + Ibxin — xi %) < dist(xo, C*)°. (16)
i=0

Let k be the smallest integer such that
od > [lxggr — xpll 4 xe+1 — Yl a7

Since % > L > 0, we can infer

1
o > = (xkr = xell + e = yell)

1
> Xllxkﬂ — x|l + Lllxgs1 — Yell (18)

We assume that x;4; ¢ C* and set tx+1 = Pcx(xx+1) € C. Then, by the weak sharpness
of the solution set C* and Theorem 2.2 (a), the Lipschitz continuity and monotonicity of F

and inequality (13), we have

adist(xgg1, C*) = allxpg1 — trgt |l

IA

(F (Xk+1)5 Xk1 — Tig1)

1
X”xk = Xkt Mxk1 — te1 |+ 1F k1) — FOOMxe+1 — fe1ll

IA

1
X”xk = X+ Mxk1 = ter1 I + Lllxg+1 — Yellllxe+1 — el

1
= [[xk+1 — trp1l (X”xk-i—l — x|l + Lllxg+1 — )’k”) .
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This implies that %||xk+1 — Xkl + Lllxk+1 — ykll = «, which contradicts (18). Hence,
Xk41 € C*. Tt follows from (16) that

1—aL 2
dist(xo, € 2 === (i1 = x5 ll* + xigr = yil)
i=0
k—1
1—AL
> —— 2 (i = xill + i = il
i=0
. 1 —6AL kkzaz,

where the last inequality is deduced by (17). So, we obtain

6dist(xo, C*)?
~ aZ2)2(1—AL)’
To show that the above estimation is tight, let us consider a simple counter example. Let
H =R, C =[0,+400) and F(x) = 1 forall x € C. Then it is clear that F is monotone and
Lipschitz continuous on C with any modulus L > 0. The problem VI(F, C) has a unique
solution x* = 0, i.e. C* = {0}. Then (5) holds with « = 1 and it follows from Theorem 2.2

that C* is weakly sharp, hence (19) holds whenever .. < 1/L. Since F is Lipschitz continuous
with all L > 0, we deduce that (19) holds for all A > 0. Let AL = %, from (19) we have

: %12
that £k < m”‘g\#. Taking A large enough, we conclude from (19) that k = 0, i.e. the
algorithm converges to the solution in one step. Indeed, taking xo = a € C and A = a, we
obtain

(19)

Yo = Pc(xo — AF(x0)) = Pc(a—a) =0
x1 = Pc(xo —AF () = Pcla—a) =0 =x"

4 Forward-Backward-Forward method

We consider the Forward—Backward—Forward algorithm proposed by Tseng (2000) as fol-
lows
A>0, xgeC,
Yn = Pc(xn — AF(xn)),
Xnt1 = Yn = MF (yn) = F(xn)).
Like previous part, we recall and prove the main inequality relating the distances from the

points generated by Forward-Backward-Forward algorithm to the point x* in the solution set
C*. The proof for monotone VIs was proposed in Tseng (2000).

Lemma4.1 Let F : H — H be pseudo-monotone and Lipschitz continuous with constant
L. Let C be a nonempty closed convex subset of H and x* be a point in solution set C*
of VI(C, F). Let {x,} and {y,} be sequences generated by Forward—Backward—Forward
algorithm. Then the following inequality holds

1 — X% < vy — x* 12 = (1 = 2L [lx0 — yall* (20)
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Proof From the equation
*12 2 *)12 _ *
IxXn1 = 2707+ xpg1 — X 17 = llxn — 2717 = 20041 — X7, Xpp1 — Xn),
and noticing that x, — x,4+1 = x, — AF(x,) — yp + AF (y,), we have

It — 2% = llxn — x* 12 = lxns1 — 20?4+ 2000 — X1, X° — 1)
=[x = %12 = g1 — xall® + 2000 — Xnt, X% — )
+ 2(Xn — Xn41, Yn — Xnt1)
= |tn — X7 = [xng1 — X 1?4 2000 — AF (x0) = yu, X* — )
+2)»(F(yn),x* — Yu) + 2(Xn — Xpn41, Yn — Xng1)- (21)

Since y, = Pc(x, — AF(x,)) and x* € C* C C, we have from Theorem 2.1 (b) that
(Xn = AF (xXn) = yn, X" — yn) < 0. (22)
On the other hand, since x* is a point of solution set C*, y,, € C and (1)
(F(x*), yn —x™) 2 0.
In addition, F' is pseudo-monotone, hence
(F(yn), yn —x%) 20,

or equivalently
(F(yn), x™ = yn) 0. (23)

Next, we estimation the term 2(x,, — X,+1, ¥» — Xn+1) by the Lipschitz continuity of F as
follows
2(Xn = Xng 1, Yn — Xns1) = 2020 — Xnt 2 4 200 — Xns1, Yo — Xn)
= [1xn = Xng111* + %0 — yu + AF () — F ) |1?
+2(xn — yn + AFOn) — F(xn)), Yn — Xn)
= 1xn = Xngt 12+ Ixn = yull* + A2 N F (n) — F )|
+ 20M(F (yn) — F(xn), Xn — Yn)
= 210 = yull* + 20(F (yn) — F (X, yn — Xn)
= [Ixng1 = Xull* = %0 = yull® + 221 F (xn) — F ) II?
< xngt = Xall> = 0 — yull? + A2L% xa — yall®>. (24

Combining (22), (23), (24) with (21), we get
o1 — X% < vy — x* 12 = (1= 22LD) [lx0 — yall*

[m}

Under the weak sharp condition of solution set C*, we also show the finite convergence
of the feasible sequence {y,} to solution set C* of this algorithm.

Theorem4.1 Let F : H — H be monotone, Lipschitz continuous with constant L and
assume that the solution set C* of VI(C, F) be weakly sharp with modulus o > 0. Let
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{xn}, {yn} be the sequences generated by Forward-Backward-Forward algorithm with 0 <
A < 1/L. Then, {y,} converges strongly to a point in C* in at most k iterations with

_ (AL + Ddist(xo. Cc*)?

- (1 — AL)a2A2 @)

Moreover, the estimation (25) is tight.

Proof Since
yn = Pe(xn — AF (xn)),
for all w € C, we get
(Xn — AF (xz) — yn, w — yu) < 0.

Therefore,

1
X(xn = Yn> Yn — W) + (F(yn) — F(xn), yn — w)

1
= Yullllyn = wil + I1FGa) = FOe)[llyn —wll. - (26)

(F(yn), yn —w) <

IA

On the other hand, since F is pseudo-monotone, let x* be a point of solution set C*, from
Theorem 4.1 we have

21 — 2% < g — x> = (1 = AL ||x, — yu > for all n. 27)

Since 0 < X < %, (27) implies that {||x, — x*|12} is non-increasing sequence, therefore
lim,_, o ||X, — x™|| exists. Moreover, we also have

2w — x*)1% = Ixng1 — x*17 = (1 = ALY |1x, — yall?, forall n. (28)

Letting n — oo and taking the limits in the both sides of (28), we deduce that lim,,—,  ||x, —

yull = 0.
For 0 < N € N, we have from (28) that

N N
272 2 2 2
A =22L2) Y b = yill> < Y i = x| = i — x*1%)
i=0 i=0
2 2 2
= llxo — x* 1> = w1 — x> < llxo — x*|1%.

Since above inequality holds with any x* € C*, we get

N
(1= 22L%) Y llxi = yill® < dist(xo, C*)*. (29)
i=0

Since lim,,_, o || X, — yu|l = 0, we choose k be the smallest integer such that

ar
AL+ 1

> lxk — yell- (30)

We assume that y, ¢ C* and set fx = Pc+(yx) € C. Then, by the weak sharpness of the
solution set C*, the Lipschitz continuity and monotone property of F and inequality (26),
we have
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adist(yg, C*) = a|lyr — &l
(F(yk)» Yk — t)

IA

A

1
= 5l = ellllee = yiell + 1F (i) = F ol — &l

IA

1

X”)’k = tellllxk — yell + Lllxk — yellllve — el
1

= |lyx — tll X+L llxk — Yill-

This implies that ||xy — yk|| > %_AH, which contradicts (30). Hence, y, € C*. It follows
from (29) that

k=1 242 2,2
. A (1 —AL)a"A
dist ,C*2> 1— 2212 C—yil? > (1= AZL? ad = s
ist(x0, C*)? > ( )?_Ouxt yill* = ( v T

where the last inequality is deduced by (30). Therefore, we get

_ (L + Ddist(xo, Cc*)?2

k
- (1 — AL)a222?

[m}

To show that the above estimation is tight, let us consider again the simple counter example
as in Theorem 3.1. Let AL = % < 1 we deduce
: *)2
K < 3dist(xg, C*) .
Sz
Hence, choosing A large enough, we getk = 0, i.e. yo € C*. Indeed, taking xo = a € C and
A = a, we obtain
Yo = Pc(xo — AF (x0)) = Pc(a —a) = 0 = x".
]
Remark 4.1 Insubgradient extragradient method (Censoretal.2012), {x,}, {y,} are generated
by the following algorithm
xo € C,A>0
Yn = Pc(xy — AF (xy))
Ty ={x € H,(xy = AF(xp) — yn, x — yp) =0}
Xnt1 = Pr, (xn — AF(yn)).

The advantage of the subgradient extragradient method is that the projection onto the half-
space T, has an explicit formula. We have from the proof of Lemma 3.2 in Censor et al.
(2012) that

21 — X% < g — x*I1> — (1 = A2L)||x, — yall*, forall n.

Hence, as in Theorem 4.1, with 0 < A < %, if F: H — H is monotone and Lipschitz
continuous and C* is weakly sharp, then {y, } converges to a point in C* in at most k iterations
with

_ (L4 L)dist (xo. C*)?
a222(1 — AL)
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Moreover, the above estimation is tight. We omit the detailed proof.

5 Popov’s method

We continue employing above method for showing the finite convergence of the following
Popov’s algorithm (Popov 1980):

A >0, xo,y €C,

Xn+l1 = PC(xn - )LF(yn))y

Ynt1 = Pc(xXnt1 — AF (yn)),
under the weak sharp condition of solution set C*. Like above parts, our proof is based on
the following inequality, which slightly improves the main estimation in Popov (1980). This
estimation allows us to choose larger stepsize, i.e., A € (O ) instead of A € (0, 3%)
as in Popov (1980).

1
> (144/2)L

Lemma5.1 Let F : C — H be pseudo-monotone and Lipschitz continuous with constant
L and C be a nonempty closed convex subset of H. Let x* be a point in solution set C* of
VI(C, F). Let {x,,} and {y, } be sequences generated by Popov’s algorithm. Then the following
inequality holds

Ixn41 = x*[1> + ALIxur1 — yull* < X0 — x* 1> + AL[x0 — yu1 I
— (1= (1 + VALY (Ixn = yull* + 1xns1 — yull®) foralin. (€29)
Proof Since x* is a point in solution set C*, y, € C and F is pseudo-monotone on C
(F(yn)s yn — x™) = 0.

Therefore,
- <F(yn)a Xn4+1 — x*) =< (F(yn)v Yn — xn+1>' (32)

Since x,,+1 = Pc(x, — AF(y,)), by Theorem 2.1 (c) we have
121 — X ll? < %0 — AF () — X2 = [1x0 — AF (Y) — X1 I
= xn — X* 1% = %0 — Xt 1 1% = 22{F (9n), Xng1 — x)

= [1xn — 2™ = %0 — Yul® = 10 = X1 1% = 20X — Yn» Yn — Xnt1)
= 2(F(yn), Xnp1 — x™).

Combining the above inequality with (32) we get
Ixn41 = Xnll* < xn — 1% = 11X = Yull* = 1y — Xag1 I = 2000 — AF (¥n) = Yns Yn — Xn1)

= |lxn = X* 1% = %0 — Yall® = Iy — Xnt1 1> = 2050 — AF (Y1) — Yus Yn — Xnt1)
+ 2)“<F()’n) - F(Yn71)7 Yn — xn+1>~ (33)

Using Theorem 2.1 (b), since y, = Pc(x, — AF(y,—1)) and x,,+1 € C we have
(x, — )‘-F(yn—l) — Yn> Xn+1 — yn) <0. (34)
We estimation the term 2A(F (y,) — F(Yn—1), ¥n — Xn+1) as follows:

2MF (yn) — Fn—1)s Yn — Xn+1)
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<2ALlIyn = Yn—1lllyn — Xn+1ll
< 2AL(lyn — xnll + X0 — Yn—1ID1Xn+1 — Ynll
< 2AL(1xn = YullllxXn+1 = yull + %0 = Yn—1 X041 — yulD

1
< AL[(1+ V2)llxy — yal* + Tﬁnxm —ll?

% = Yuet 11 + g1 — yall*]
= (1 + V)AL|xn = yul* + V2ALIx0 g1 = yull* + ALIx0 — ya1l?. (39
Apply estimations (34) and (35) into the right side of inequality (33), we obtain
Xt — X117 < ot — x| + AL — Y112 — (1= (1 4+ V2)AL) [xn — yull?
— (1 = V2AL) [xns1 — yull%,
which is equivalent to
[xn41 = x*[1> + ALIxar1 — yull* < X0 — x*1> + ALIx0 — yua1 I
— (1= (1 4+ V2AL) (150 = yull* + Ixnt1 — yull.
[m}

The following theorem will show the finite convergence of Popov’s method if the solution
set C* is weakly sharp.

Theorem 5.1 Let F : C — H be monotone, Lipschitz continuous with constant L and C be
a nonempty closed convex subset of H. Assume that the solution set C* of VI(C, F) is weakly
sharp with modulus o > 0. Let {x,,}, {y,} be the sequences generated by Popov’s algorithm
withO < A < 1/(14+~/2)L. Then, {x,} converges strongly to a point in C* in at most (k + 1)
iterations with
p < Odist(x1, C*? + AL|x1 — yoll®)
a222(1 — (1 + v/2)AL)

Moreover, the estimation in (36) is tight.

(36)

Proof Since
X1 = POt — AF (yn)) = Pc(Xn — AF (Xn41) + A(F (Xut1) — F(yn)),
for all u € C, we also have the similar result in (13)
(F(Xn41), Xpg1 —u) = %len = X1 Hxnr — ull + 1F 1) = Fu) X1 — ull-
(37
Since F is pseudo-monotone, let x* be a point of solution set C*, from Theorem 5.1 we get
bnt =¥ 12 4+ ALIxn+1 = yull < lw = x*1% + AL 1w = yar I
— (1= (L + VDALY (xn = yal® + lxns1 = yull?) forall n. (38)

This implies that {a,} = {||lx, — X2+ AL||x, — Vn—1 12} is non-increasing sequence ,
therefore lim,,_, o a, exists. Moreover, we also have

an — ant1 > (1= (1 + V2)AL) (%0 — yull* + X1 — yal®), foralln.  (39)
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.. 1 .
Noticing that 0 < A < oL we infer
1—(1+V2)AL ,  2(1—(1++2)AL) )
ay —dpy1 = f”xn+l —yull®+ 3 (Ixn = yaull
+ 1xn1 = yull?)
1—(1+V2)AL 1—(1+V2)AL
> ———— g =l + ——— 0 —
3 3
+ IxXn1 = yul)?
1—(1+V2)AL
> (lsr = 3l + s = a1 (40)
Letting n — oo and taking the limits in the both sides of (40), we deduce that
limy 00 [[Xp41 — yull = 0 and limy, s o0 [|Xp41 — Xl = 0.

For 0 < N € N, we have from (40) that

N
2 2
Ixien = yill> + lxip = x5 < Y (@i — aign)

i=1

1— 1+ vVOrL
— ;u

=ay —an+
2 2
<ai = [lx1 = x*|7 + ALllx1 — yoll~.

Since above inequality holds with any x* € C*, we obtain

N
1—(1+V2)AL .
— > (lxigr =il + xig1 —xi|%) < dist(xr, € +AL|x1 —yoll*. (41)
i=1

Let k be the smallest integer such that
od > |lxggr — xill + lxe+1 — Yl (42)

Since % > (14++/2)L > L, we can infer

1
a > X(||xk+l = x|l + lxk+1 — yelD

1
> XIIXk+1 — Xkl + Lllxe+1 — Yxll- (43)

We assume that x;41 ¢ C* and set tx+] = Pcx(xx+1) € C. Then, by the weak sharpness
of the solution set C*, the Lipschitz continuity and monotonicity of F' and inequality (37),
we have

adist(xgg1, C*) = allxpg1 — gt |l

(F (Xk+1)5 Xk1 — Tig1)

IA

1
< X”xk = Xkt Mxk1 — te1 |+ 1F k1) — FOOMxe+1 — fe1ll

IA

1
X”xk = X+ Mxk1 = ter1 I + Lllxg+1 — Yellllxe+1 — el

IA

1
lxk+1 — teg1 |l (X”xk-H — x|l + Lllxg+1 — )’k”) .
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This implies that %||xk+1 — Xkl + Lllxk+1 — ykll = «, which contradicts (43). Hence,
Xk41 € C*. Tt follows from (41) that

k—1
. 1—(1+2iL
dist(xi, C? + ALl = yoll* = ——————— 3 (et = i ll* + i = vl
i=1
1 — (1 +v2)aL '3 s
> —— D (s = xill + lxigr = yilD)
i=1
> 1= d+ vl j;fz)u (k — 1)A%a?,

where the last inequality is deduced by (42). Therefore, we obtain
- 6WistCer, €2 + ALx1 = yoll?)
- a222(1 — (1 + ~/2)AL)
To show that the above estimation is tight, let us consider again the simple counter example

as in Theorem 3.1. Let AL = 1/3 and X large enough, we can deduce that k = 1. Taking
xo=a€C,)=a/2=yp, we obtain

x1 = Pc(xo — AF(y0)) = Pc(a —a/2) = a/2
y1 = Pc(x1 —AF(y)) = Pc(a/2 —a/2) =0
x2 = Pc(x1 — AF(y1) = Pc(a/2 —a/2) =0 = x7,
which means that the algorithm converges to the solution in at-most two steps. O
Remark 5.1 Malitsky and Semenov (2014) modified Popov’s algorithm by using the tech-
nique of the subgradient extragradient method:
A >0, xo,y €C,
x1 = Pc(xo — AF(Y0)), y1 = Pc(x1 — AF (y0))-
Hy, ={z€ H: (xy —AF(Yu—1) — Yn, 2 — yu) = 0}.
Xn+1 = PH,, (xXp — AF (),
Ynt1 = Pc(xns1 — AF (yn))-

Using the similar technique as in Theorem 5.1, we can prove that the sequence {y, } generated
by the above modified Popov’s algorithm converges to a point in the solution set if n is
sufficient large.

6 Numerical illustration

In this section, we illustrate a general example in R"” space and two particular cases to show
the finite convergence of sequences generated by above algorithms.

Example 6.1 Let H = R" endowed with inner product (-, -) and corresponding norm || - || =
II-ll2. Let C = {(x1,x2,...,%x,):0<a <x; <b,i =1,n}is closed, convex subset of R"
and F : C — R", defined by

F(x) = (x1,x2,...,%,-1,0) for x = (x1,x2,...,%-1,%,) € C.

We consider the variational inequality problem VI(C, F).
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Obviously, for x = (x1,x2, ..., %),y = (y1, ¥2, ..., ¥n) € R" we have

1 1
n—1 2 n 2
IF () — Fll = (Z(x,- - y,-)2> < (Z(xi - yi>2> = llx =y,
i=1

i=1
then F is Lipschitz continuous with L = 1.

On the other hand, we have that the problem which is to minimize the function f : R" — R
defined by

n—1
1
FO, %2, 0y Xn) =Z§xi2,
i=1

over C has same solution set with VI(C, F) because f is convex, differentiable function and
F = V f. Hence, we can see the solution set of VI(C, F) is

C*={(a,a,...,a,a,la,b))}.

To check the weakly sharp property of C*, we use Theorem 2.2 (b). It is obvious that F'(x) =
(a,a,...,a,0)V x € C*, therefore F is constant on C*.Let x = (x1, x2, ..., x,) € C, thus
a < xi,Xx2,...,X, < b, wehave

n—1

n—1
Y xii—a)= Y alxi —a)
i=1

i=1

n—1 2
=a (Z(x,- — a))
N \i=l
n—1
>a | ) (xi—a)? (44)
\ i=1
Using inequality 44, noticing that Pc+(x) = (a,a,...,a,x,) and x — Pc*(x) = (x; —

a,xy—a,...,xp—1 —a,0), we get

(F(x),x — Pcx(x)) = ((x1, X2, ..., X4—1,0), (x1 —a,x2 —a, ..., x,—1 —a,0))

n—1
= xi(xi —a)
i=1

n—1

> (i —a)? = adist(x, C*), (45)

i=1

which means the inequality in Theorem 2.2 (b) is satisfied with @ = a > 0. Thus, C* is
weakly sharp.
To show our results visually, we consider two following examples in R and R!00,

Let H=R3anda = 1,b = 10, then C = [1, 10] x [1, 10] x [1, 10] is a cube in R3,
F : C - R3 is defined by the formula F(x) = (x1, x2,0) where x = (x1,x2,x3) € C
, which means F' is the projection from a point to Oxy-plane. We consider the variational
inequality problem VI(C, F).

We choose starting point xo = (10, 10, 5) for ExtraGradient algorithm and Forward-
Backward-Forward algorithm with step size A = 0.5 < 1/L. For Popov’s algorithm, we
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ExtraGradient Algorithm
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Fig. 1 Performance of ExtraGradient algorithm in RR3, where the solution set C* is in red
® x Forward-Backward-Forward Algorithm
n
A
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9
8
7
6
5
4
3
2
1

X & 10

Fig.2 Performance of Forward—Backward—Forward algorithm in R3, where the solution set C* is in red

take xo = (10, 10,5), yo = (10,10,1) and » = 0.3 < (\/E — 1)/L. It is clear from
Fig. 1 that for ExtraGradient algorithm, the sequence {x,} converges to point (1, 1,5) € C*
after 8 iterations. Similar results are obtained with the iterative sequences generated by
Forward-Backward-Forward algorithm and Popov’s algorithm, as displayed in Figs. 2 and

3, respectively.
In the second experiment, we take H = R!% and @ = 1,h = 100. We choose the

same random starting point xo for ExtraGradient, Forward-Backward-Forward algorithm
and Popov’s algorithm with A = 0.5 < 1/L , and one more random starting point yg for
Popov’s algorithm with A = 0.4 < (+/2 — 1)/L. After applying three above algorithms, the
result is demonstrated in Fig. 4. The x-axis stands for the number of steps while y-axis stands

for the distance from points generated by above algorithms to solution set C*.
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Popov Algorithm

o

HNw'hU"OW\ImLOI—'

X & 10

Fig.3 Performance of Popov’s algorithm in R3, where the solution set C* is in red

xn, of EG with A =0.5
—== ypof FBF withA=0.5
107 4 Xp of Popov with A =0.4
*
O
2
8 101 4
c
8
0
(a]
100 4

0 2 4 6 8 10 12
Number of steps

Fig.4 Performance of EG, FBF and Popov algorithms in R100

We can see from from Fig. 4 that, both ExtraGradient and Forward-Backward-Forward
algorithms terminate after 11 steps, meanwhile the Popov’s algorithm shows a faster conver-
gence rate and terminates after 7 steps. It is also noticed that in this particular example, the
ExtraGradient and Forward-Backward-Forward algorithms are identical. The reason is that
since the vector x,, — LF(x,) € C for all n, the projection operator Pc does not contribute
to the iteration process.
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